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Abstract
1. Despite worldwide reports of high tree mortality, growing evidence indicates that 

many tree species are well adapted to survive repeated dry spells. The drought 
resilience of trees is related to their phenotypic plasticity and ecotypic differentia-
tion. Whether these two mechanisms act at the same organisational level of a tree 
and involve similar plant traits is still unknown.

2. We assessed phenotypic plasticity and ecotypic differentiation across four popu-
lations of Pinus sylvestris and Pinus nigra seedlings grown for 3 years under a recur-
rent summer drought treatment or well- watered control conditions in a common 
garden. We measured the response to the summer drought treatment of a total 
of 26 traits including shoot and needle morphology, needle anatomy and foliar 
macronutrients, and related the traits to the growing season water deficit (GSWD) 
at the location of the seed origin.

3. Foliar phenotypic plasticity in response to recurrent summer drought was surpris-
ingly low, with the needle length and the fraction of mesophyll and phloem tissue 
adjusting to some extent. In comparison, shoot morphological traits were much 
more plastic in both species with predominant responses to the summer drought 
stress including shorter and less numerous apical and lateral shoots. These three 
traits were also correlated with GSWD at the seed origin, indicating local adapta-
tion. In contrast, between- population variation of foliar morphological and ana-
tomical traits, and macronutrients were mostly unrelated to the GSWD at the 
seed origin.

4. Consequently, phenotypic plasticity and ecotypic differentiation occurred at the 
same level of organisation and in the same plant traits, that is, shoot morphology. 
This combination of plasticity and ecotypic differentiation allowed P. sylvestris and 
P. nigra seedlings to rapidly acclimate to recurrent and long- lasting dry spells.

5. Synthesis. Pinus sylvestris and P. nigra seedlings showed considerable ecotypic dif-
ferentiation and phenotypic plasticity of shoot morphological traits, and not foliar 
traits. Acclimation to recurrent severe summer drought was achieved by reducing 
shoot growth.
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1  | INTRODUC TION

The ability of plant species to persist or newly establish under fu-
ture climatic conditions relies on their strategy to cope with envi-
ronmental change (Grenier et al., 2016; Nicotra et al., 2010). Tree 
species with a wide distribution range are already able to grow under 
a variety of environmental conditions due to a plastic phenotype, 
ecotypic differentiation (Gimeno et al., 2009) or a combination of 
both (Franks et al., 2014; Valladares et al., 2014). How phenotypic 
plasticity and ecotypic differentiation (i.e. local adaptation sensu 
Kawecki & Ebert, 2004) of tree functional traits interact to confer 
acclimation to long- lasting drought is, however, not well understood. 
It has been suggested that environments with highly variable abi-
otic conditions favour phenotypic plasticity, while highly divergent 
but stable environments lead to ecotypic differentiation (Wright 
et al., 2016). Phenotypic plasticity provides rapid acclimation to 
changing environmental conditions, but may be limited at the range 
margins of species; ecotypic differentiation is a slow process that 
leads to an optimal, genetically fixed phenotype under given climatic 
conditions but bears the risk of maladaptation when environmental 
conditions change (Franks et al., 2014). Since individual species may 
show phenotypic plasticity in some traits and ecotypic differentia-
tion in others, it is difficult to make general predictions about the 
relative importance of the two mechanisms for the ability of plants 
to cope with climatic change (Merilä & Hendry, 2014). Therefore, the 
two mechanisms have to be studied for a wide set of functional traits 
from various levels of organisation.

Acclimation to drought can be achieved through phenotypic 
plasticity at a whole- tree level (partitioning of leaf/sapwood and 
root/shoot; e.g. Mencuccini & Bonosi, 2001) down to foliar physi-
ological and anatomical changes (Kuusk et al., 2018a), such as tem-
porarily reducing water loss through stomata thereby increasing 
water- use efficiency (Bachofen et al., 2017; Limousin et al., 2015). At 
a longer time span, trees might change their foliar structure (Abrams 
et al., 1994; Sanginés de Cárcer et al., 2017) or alter biomass parti-
tioning to above-  and below- ground plant parts in order to improve 
their resource uptake efficiency (Bachofen et al., 2019; McCarthy & 
Enquist, 2007; Poorter et al., 2012). Phenotypic plasticity is often 
assessed at the level of morphological functional traits (Nicotra 
et al., 2010), particularly with foliar morphological acclimation to 
changing environmental conditions (Niinemets, 2001; Poorter 
et al., 2012). Studies of anatomical acclimation remain scarce, but 
indicate a high potential for plastic response to light and water 
availability and along the vertical gradient in the forest canopy (see 
e.g. Chin & Sillett, 2016; Niinemets et al., 2007; Sanginés de Cárcer 
et al., 2017). It has been shown that changes in needle anatomy 
enable trees to increase their photosynthetic capacity during the 
transition from the juvenile to the adult stage (Kuusk et al., 2018b). 

In particular, higher mesophyll and chloroplast volume seem to be 
related to increased photosynthetic capacity (Kuusk et al., 2018b; 
Niinemets et al., 2007). Leaves also exhibit considerable plasticity 
in xylem and mesophyll area in relation to environmental gradients 
from the bottom to the top of tree canopies (Azuma et al., 2019). 
Foliar anatomical traits might thus carry a high potential for drought 
acclimation (Sanginés de Cárcer et al., 2017).

Phenotypic plasticity might reach its limits if environmental 
changes exceed long- term variation, while ecotypic differentiation 
enables populations to adapt to new environmental conditions 
(Franks et al., 2014). Identifying the ecotypic differentiation of func-
tional traits in drought- adapted populations is therefore important 
for predicting responses of forests to climate change. Provenance 
comparisons in common garden experiments have shown local ad-
aptation with improved growth and survival for many tree species 
along wide ranges of environmental conditions (Franks et al., 2014; 
Kujala et al., 2017; Savolainen et al., 2007). Such forestry- centred 
provenance trials have, however, focused mostly on productivity 
traits and genotypes, whereas, for example, drought- resistance 
traits may be more prominent in populations from less productive 
locations (Jankowski et al., 2019). As a consequence, information 
on the genotypic variability of traits conferring drought tolerance is 
still limited. In temperate and boreal tree species, the most variable 
traits along large spatial scales are growth and phenology (Gauzere 
et al., 2020; Savolainen et al., 2007). In addition, foliar morphological 
traits, such as leaf size and area (Poorter et al., 2009), as well as foliar 
anatomical traits (He et al., 2018) have been linked to differences in 
climatic conditions between species and populations. For instance, 
Pinus sylvestris populations from Central and Northern Europe show 
strong correlations of needle traits with the minimal winter tempera-
ture at the seed origin when grown in a common garden (Jankowski 
et al., 2019). Hence, both phenotypic plasticity and ecotypic differ-
entiation of various functional traits have been observed frequently, 
and may occur simultaneously. For adaptive forest management in 
the face of climate change, it is crucial to know which of the two 
mechanisms is more prevalent in which trait (Franks et al., 2014). 
Most commonly, interactions between phenotypic plasticity and 
ecotypic variation are studied in reciprocal transplant experiments. 
Keeping major environmental conditions (e.g. light, nutrients, etc.) 
constant while varying only drought is difficult in reciprocal trans-
plant experiments, especially if they span large geographic gradients. 
In this case, common garden experiments with climate manipulations 
offer an efficient alternative for testing the performance of different 
seedling populations under a set of climatic conditions while con-
trolling for other factors.

In order to understand how the phenotypic plasticity of key 
functional traits allows tree seedlings to cope with drought stress, 
we measured the response of a wide range of traits to recurrent 
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summer drought in two consecutive years considering different or-
ganisational levels from shoot morphology to foliar macronutrients. 
Simultaneously, we assessed the ecotypic differentiation of the same 
traits by comparing them in 3- year- old seedlings of four populations 
of P. sylvestris and P. nigra originating from locations with differing 
growing season water deficit (GSWD) in Central and Mediterranean 
Europe. For each trait and plant organisational level (shoot morphol-
ogy, needle morphology, needle anatomy, foliar macronutrients), we 
calculated the phenotypic plasticity and estimated ecotypic differ-
entiation with respect to the GSWD at the seed origin. We hypoth-
esised that (a) highly plastic responses to summer drought can be 
observed at all levels of organisation from foliar anatomy to seedling 
morphology, (b) ecotypic differentiation is pronounced in shoot and 
needle morphological, as well as in needle anatomical traits and (c) 
both mechanisms act independently to allow for successful acclima-
tion to recurrent summer drought.

2  | MATERIAL S AND METHODS

2.1 | Species and populations

Pinus sylvestris is the tree species with the widest distribution glob-
ally, ranging from boreal Siberia to the European Mediterranean, 
and is well known for its considerable drought tolerance (Reich & 
Oleksyn, 2008). It has therefore become a model species for study-
ing drought effects on tree physiology in recent decades (Martínez- 
Vilalta et al., 2012). Ecotypic differentiation as well as plasticity of 
growth traits have been studied repeatedly with seedlings in com-
mon gardens (e.g. Moser et al., 2014; Richter et al., 2012; Taeger 
et al., 2015), but never to the level of foliar anatomical adaptation and 
plasticity. P. nigra is a close relative of P. sylvestris (subsection Pinus; 
Gernandt et al., 2005) and occurs in the northern Mediterranean at 
lower elevations than P. sylvestris. It is more drought resistant than 

P. sylvestris (Bachofen et al., 2019; Martin- Benito et al., 2017) and 
has therefore been considered as a substitute for P. sylvestris at the 
dry limit of its distribution range (Eilmann & Rigling, 2012). Due to 
its limited distribution in refugia during the last glacial period, popu-
lations from different geographic origin have evolved into distinct 
genotypes (Svenning et al., 2008) with potentially strong ecotypic 
differentiation. In winter 2011– 2012, we collected seeds from four 
P. sylvestris and four P. nigra populations from a total of eight loca-
tions distributed across Central and Mediterranean Europe. We se-
lected the seed provenances based on a gradient of growing season 
water deficit, which is negatively related to a population's drought 
tolerance (Bachofen et al., 2017; Seidel & Menzel, 2016). Seeds of P. 
sylvestris were collected from one Central Alpine (Leuk, Switzerland) 
and three Mediterranean populations in Spain (Ademuz), Greece 
(Serres) and Bulgaria (Jundola) respectively (details Figure 1 and 
Table S1). Regarding P. nigra, the seed source populations were se-
lected based on their geographical proximity to those of P. sylves-
tris (Ademuz, Spain; Parthenonas, Greece; Dobrostan, Bulgaria), 
except for the Central European population, which was selected 
from the northernmost natural occurrence of this species in Austria 
(Bad Fischau) since P. nigra is not autochthonous in Switzerland. In 
each population, seeds from five maternal lineages were collected 
in order to standardise the genetic variation across populations 
(Bachofen et al., 2017).

2.2 | Experimental design and treatments

The study was conducted as part of a common garden experiment 
located at the bottom of the northern Rhone valley (Switzerland; 
46°18′33″N, 07°41′10″E; 610 m a.s.l.; 19.2°C average temperature 
in July; 602 mm annual precipitation). Common garden experiments 
are powerful for identifying genetic variation among populations 
(Jankowski et al. 2019), and if combined with experimental treatments 

F I G U R E  1   Distribution of Pinus 
sylvestris (blue right dash) and P. nigra 
(green left dash) edited after EUFORGEN 
(www.eufor gen.org) and the location 
of the seed sources of P. sylvestris (blue 
triangles) and P. nigra (green circles) with 
the respective growing season water 
deficits (GSWD). Additional information in 
Table S1

http://www.euforgen.org
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allow to compare adaptive with plastic responses of functional traits. 
The overall experiment included manipulations of precipitation, light 
and CO2 availability as described in detail in Moser et al. (2016) 
and Bachofen et al. (2019). For this study, we only considered the 
precipitation manipulation and therefore selected a subset of eight 
mesocosms (200 cm long × 80 cm wide × 50 cm deep) arranged 
in four blocks (whole plots). Each mesocosm contained 140 plants 
from different species, populations and maternal lineages, which 
had been grown from seed since March 2012 (Bachofen et al., 2019; 
Moser et al., 2016). Automatic mobile rain shelters intercepted 
the natural rainfall from March to September. During that period, 
mesocosms were irrigated weekly on two subsequent nights to a 
level of 16 mm, that is, 416 mm in total from March to September 
(Moser et al., 2016). This corresponds to the top decile of natural 
rainfall at low elevations in the Rhone valley, simulating conditions 
without any water stress (151% of the average March– September 
precipitation, measured from 1864 to 2011 at the MeteoSwiss sta-
tion in Sion located 28 km to the East of the study site). A drought 
treatment was applied to one randomly selected mesocosm in each 
block by completely stopping irrigation from June to September in 
2013 and 2014. The soil water content (v/v; SWC) was recorded in 
all mesocosms with EC- 5 soil moisture sensors (Decagon, Pullman, 
USA), which were installed both in the topsoil (at 5 cm depth) and the 
subsoil (40 cm depth). All selected mesocosms were covered with 
white knitted polypropylene shade cloths (GreenhouseMegastore, 
International Greenhouse Company) from June to September 2012, 
and March– September in 2013 and 2014. The shade cloths blocked 
22% of sunlight and were not considered as treatment, but used to 
simulate natural light conditions in the understorey of an open pine 
forest.

2.3 | Measurements of shoot and 
needle morphology

Shoot and needle morphology as well as needle anatomy are af-
fected by environmental conditions during the time of bud forma-
tion, which occurs in the year before bud break (Bréda et al., 2006; 
Roloff, 1987). Accordingly, the second- year summer drought in 2013 
potentially affected traits of third- year shoots and needles in 2014 
but not those of the second year. Plant traits were thus measured 
on 3- year- old seedlings and on plant parts developed in 2014, that 
is, during the third growing season. In September 2014, we selected 
eight individuals per treatment, species and population (2 drought 
levels × 2 species × 4 populations × 8 replicates = 128 individuals) 
with a restricted random sampling of two plant individuals per spe-
cies and population in each mesocosm to guarantee that all maternal 
lineages were present in the sample. The shoot height of each seed-
ling from the soil surface to the insertion of the terminal bud was 
measured to the nearest 1 cm prior to whole- plant harvest. Shoots 
were then cut at the soil surface, the stem basis sealed with adhe-
sive tape and the seedlings stored at 4°C in the dark until they were 

processed in the laboratory. In the laboratory, the number, length 
and fresh mass of apical and lateral shoots were determined, 20 
third- year needles were randomly sampled on lateral shoots prior 
to drying 72 hr at 60°C. The dry mass of the processed material was 
then determined and the length and width of dry needles measured 
using foliar scans (PIXSTAT, version 1.2, https://www.schle ppi.ch/
pixstat).

2.4 | Needle anatomical and chemical analyses

The cross- sectional area and percentage area of all needle tissues 
were assessed on needle material sampled in the middle portion of 
the third- year apical shoot of one randomly selected seedling per 
mesocosm, species and population (2 drought levels × 2 species × 4 
populations × 4 replicates = 64 individuals). 1- cm segments of three 
needles per tree individual were excised at mid- needle position and 
fixed using 2.5% glutaraldehyde buffered at pH 7.0 with 0.067 M 
Soerensen phosphate buffer. After full infiltration by evacuation, 
the needle segments were stored at 4°C in renewed fixator until fur-
ther processing. 70 µm thick sections were trimmed with a hand mi-
crotome and mounted in glycerine 75%, either unstained or after lipid 
staining with Fluorol Yellow 88 for contrasting cuticula against cell 
walls (Brundrett et al., 1991). The sections were imaged in bright field 
and fluorescence (cuticula) microscopy, using the 10× and 40× objec-
tives of a Leica Leitz DMRB microscope interfaced with the Infinity 2 
ANALYZE camera (Lumenera Co.). The Lumenera software of camera 
was used to measure the thickness of cuticula. Image tiles from nee-
dle cross sections were merged using Photoshop CS4 (version 11.0; 
Adobe Systems), prior to tissue area measurements using the same 
software. The chemical element composition of the needles (P, K, Ca, 
Mg, S) was determined according to ISO 17025 at the WSL Central 
Laboratory. The aforementioned 20 third- year needles were ground 
using a ball mill (Retsch 200) and digested with nitric acid and hydro-
gen fluoride in a high- pressure microwave system (Ultraclave IV, MLS 
GmbH). P, K, Ca, Mg, and S were analysed with an ICP- OES Optima 
7300 DV spectrometer (Perkin- Elmer), and C and N were measured 
with an NC- 2500 elemental analyser (CE Instruments).

2.5 | Trait plasticity

Effects of drought, species and population on functional traits were 
analysed with linear mixed effect models (LMM) using the statistical 
software R (R Core Team, 2016). The drought treatment and species 
were considered fixed effects, the provenance a fixed effect nested 
within the species and the block was treated as a random effect. 
Phenotypic plasticity of individual traits was quantified for each spe-
cies and population with the relative distance plasticity index (RDPI), 
as proposed by Valladares et al. (2006).

RDPI =
∑ (

dij→i� j� |
(
xi� j� + xij

))
∕n.

https://www.schleppi.ch/pixstat
https://www.schleppi.ch/pixstat
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The RDPI is calculated as the Euclidian distances (d) between 
the expressed trait values of individuals exposed to dry and con-
trol conditions (ij and i′j′, respectively), normalised by the sum of 
the absolute trait values (xi′ j′ + xij). RDPI was calculated for each 
trait separately, and additionally to quantify the overall plasticity 
of the four trait groups, an average RDPI was calculated for shoot 
morphology, needle morphology, needle anatomy and foliar mac-
ronutrients (Table 1). Furthermore, in order to differentiate be-
tween the effect of the drought treatment and the species on 
the expressed traits, we standardised each trait value (Min– Max 
normalisation) and calculated the average of the trait groups per 
species and treatment.

2.6 | Ecotypic differentiation

The relationships between the growing season water deficit 
(GSWD) at the seed origin, a surrogate for a populations' drought 
tolerance (Bachofen et al., 2019) and different functional traits 
were analysed with generalised linear mixed effects models 
(GLM) for Poisson distributed count data (shoot number and 
number of resin ducts) and linear mixed effects models (LMM) for 
continuous variables (all other variables). The two species were 
analysed separately, the GSWD and the drought were fixed ef-
fects and the block was treated as a random effect. The GSWD 
at the origin of each population was calculated as the difference 

TA B L E  1   Linear mixed model results of the effect of the drought treatment (D), species (S) and population within species P(S) on seedling 
morphological, foliar morphological and anatomical traits and foliar macronutrients of 3- year- old Pinus sylvestris and P. nigra seedlings. 
Significant effects are indicated in bold, and the proportion of the explained variance (η2) is given in parentheses

Trait group Trait R2

p value (η2) p value (η2) p value (η2) p value (η2)
p value 
(η2)

Drought Species D × S P(S) D × P(S)

Shoot morphology Apical biomass (g) 0.44 (0.44) <0.001 (36.1) 0.162 (0.9) 0.042 (2.0) 0.535 (2.4) 0.404 (2.9)

Apical length (cm) 0.53 (0.54) <0.001 (39.2) <0.001 (5.5) 0.139 (0.7) 0.004 (6.7) 0.669 (1.4)

Lateral biomass (g) 0.41 (0.41) <0.001 (20.0) 0.013 (6.7) 0.733 (0.1) 0.332 (7.3) 0.379 (6.8)

Lateral length (cm) 0.36 (0.36) <0.001 (24.9) 0.171 (1.1) 0.924 (0.0) 0.067 (7.3) 0.695 (2.3)

Shoot number 0.34 (0.34) 0.004 (5.4) <0.001 (12.2) 0.367 (0.5) 0.002 (14.0) 0.859 (1.6)

Needle morphology Biomass (g) 0.58 (0.58) 0.418 (0.7) <0.001 (46.2) 0.201 (1.6) 0.746 (3.4) 0.374 (6.4)

Length (cm) 0.65 (0.65) 0.029 (3.9) <0.001 (37.8) 0.336 (0.7) 0.007 (15.3) 0.156 (7.7)

Width (mm) 0.35 (0.36) 0.418 (0.4) <0.001 (8.3) 0.465 (0.3) <0.001 
(23.3)

0.644 (2.6)

Needle anatomy Cross section 
(mm2)

0.45 (0.45) 0.651 (0.2) 0.001 (13.9) 0.983 (0.0) 0.005 (26.6) 0.778 (3.9)

Mesophyll (mm2) 0.51 (0.51) 0.920 (0.0) <0.001 (19.2) 0.521 (0.4) 0.001 (26.2) 0.504 (5.5)

Mesophyll (%) 0.33 (0.37) 0.026 (4.7) 0.002 (9.1) 0.034 (4.2) 0.120 (9.5) 0.422 (5.4)

Phloem (mm2) 0.51 (0.53) 0.092 (4.3) <0.001 (23.7) 0.673 (0.3) 0.192 (13.2) 0.383 (9.5)

Phloem (%) 0.50 (0.52) 0.023 (7.5) 0.018 (8.2) 0.376 (1.1) 0.020 (23.2) 0.339 (9.6)

Xylem (mm2) 0.59 (0.62) 0.150 (3.4) <0.001 (31.5) 0.706 (0.2) 0.129 (16.7) 0.578 (7.5)

Xylem (%) 0.58 (0.59) 0.137 (3.8) 0.002 (18.5) 0.570 (0.5) 0.031 (25.5) 0.471 (9.4)

Cuticula (µm) 0.19 (0.19) 0.313 (1.5) 0.532 (0.6) 0.811 (0.1) 0.106 (15.9) 0.992 (1.1)

Cuticula (mm2) 0.51 (0.51) 0.920 (0.0) <0.001 (19.2) 0.521 (0.4) 0.001 (26.2) 0.504 (5.5)

Resin duct number 0.52 (0.52) 0.345 (1.5) <0.001 (25.7) 0.496 (0.8) 0.134 (16.9) 0.607 (7.4)

Resin duct (mm2) 0.40 (0.40) 0.313 (1.5) 0.004 (12.8) 0.712 (0.2) 0.044 (20.4) 0.716 (5.3)

Resin duct (%) 0.55 (0.55) 0.310 (1.4) <0.001 (29.8) 0.668 (0.3) 0.051 (18.6) 0.680 (5.4)

Needle macronutrients C (%) 0.27 (0.50) <0.001 (8.1) <0.001 (7.2) 0.317 (0.4) 0.006 (7.8) 0.193 (3.6)

N (%) 0.41 (0.52) <0.001 (28.4) 0.049 (1.9) 0.100 (1.3) 0.028 (6.9) 0.442 (2.8)

K (%) 0.43 (0.47) 0.001 (7.0) <0.001 (23.4) 0.253 (0.8) 0.052 (8.2) 0.415 (3.9)

Ca (%) 0.49 (0.53) <0.001 (36.0) 0.222 (0.6) 0.003 (3.3) 0.006 (7.1) 0.435 (2.2)

Mg (%) 0.34 (0.35) <0.001 (13.6) 0.029 (2.5) 0.866 (0.0) <0.001 
(16.2)

0.814 (1.5)

P (%) 0.44 (0.45) <0.001 (25.6) 0.834 (0.0) 0.106 (1.2) <0.001 
(14.4)

0.373 (3.0)
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between precipitation and potential evapotranspiration (PET; 
March– August) according to Thornthwaite (1948).

where L is the length and N the number of days per month, Ta the 
average daily air temperature (with negative values replaced by 
0), I a heat index based on the sum of all monthly air tempera-
tures of the year and α a coefficient based on the heat index I. We 
used the precipitation and temperature data (mean 1950– 2000) 
from the MeteoSwiss station in Sion for the Central Alpine P. syl-
vestris population and interpolated precipitation and temperature 
data (mean 1950– 2000) from the Worldclim database (Hijmans 
et al., 2005) for the other populations. Traits were square- root or 
log- transformed if necessary in order to achieve linearity of their 
relationships.

3  | RESULTS

3.1 | Shoot morphology

The seedlings' third- year shoot morphology showed strong re-
sponses to the repeated summer drought treatment in both species 
and all traits (Figure 2; Table 1). In all traits except shoot number, 
the drought treatment explained a larger fraction of the variability 
in shoot morphology than species and seed provenance (higher η2 
of the drought treatment, Table 1). In both species, the length and 
biomass of the apical shoot were reduced by more than 50% in all 
drought stressed seedlings compared to the control (p < 0.001). 
In P. nigra, the average length and biomass of lateral shoots were 
also reduced by more than 50%, whereas in P. sylvestris, lateral 
shoots responded less strongly but still significantly to the drought 
(p < 0.001, Figure 2). Similarly, the number of shoots was lower 
under drought stress (p = 0.004), but while P. sylvestris had its nu-
merous shoots reduced by nearly a half, P. nigra showed a lesser 
response to the drought treatment. As a consequence, the shoot 
number of ‘dry’ P. sylvestris was comparable to the control P. nigra 
seedlings (Figure 2).

3.2 | Needle morphology

In contrast to shoot morphological traits, the third- year nee-
dle morphology differed largely between species (η2 higher than 
40%, Table 1) and responded much less to the drought treatment 
(Figure 3; Table 1). Only the needle length of P. nigra was reduced 
by 10% under drought compared to control seedlings (p < 0.05), 
whereas the needle biomass and width were not affected by water 
availability. Needle width and to a smaller degree also needle length 
were population- specific traits (Table 1).

3.3 | Needle anatomy

Similar to needle morphology, the third- year foliar anatomical traits 
were largely determined by species and seed provenance (Table 1). 
Most needle anatomical traits did not change under summer drought 
conditions (Figure 4), with the exception of the percentage of meso-
phyll and phloem tissue in the foliar cross section. The mesophyll 
fraction was 4% higher in drought- stressed P. sylvestris compared to 
their control (p = 0.026), and the phloem fraction decreased by 9.7% 
in drought- stressed P. nigra compared to their control (p = 0.023). 
Anatomical traits largely differed between the two species, except 
the cuticular thickness (Figure 4). In particular, P. sylvestris had more 
resin ducts (p < 0.001) and also a higher relative surface of resin 
ducts than P. nigra (p < 0.001). In contrast, P. nigra had a larger foliar 
cross section, as well as a larger phloem, xylem and mesophyll frac-
tion (Table 1).

3.4 | Needle macronutrient composition

Several of the macronutrients in the needles differed between the 
species, but their concentration was far more severely influenced 
by the drought treatment (Table 1; Figure 5). The concentration of 
all measured macronutrients decreased in abundance under drought 
stress in both species (p < 0.001), except foliar carbon concentra-
tion, which increased with drought (p < 0.001; Figure 5). While the 
reduction in most elements was similar in the two species, calcium 
concentration decreased to a much higher extent in P. sylvestris 
than P. nigra (interactive effect between drought × species p < 0.05, 
Table 1).

3.5 | Trait plasticity

Phenotypic plasticity differed quite distinctly between levels of 
organisation (shoot, organ, tissue, macronutrients). Overall, seed-
lings of both species were most plastic in shoot morphological 
traits, such as biomass and length of the apical and lateral shoots 
(Figure 6). Apical shoots were more plastic than lateral shoots, with 
the exception of lateral shoot biomass of P. nigra seedlings, which 
was similarly plastic as apical shoot biomass. The number of shoots 
was the least plastic morphological trait, in particular in P. nigra. 
Foliar traits, in contrast, were generally much less plastic in both 
species. Here, the number and area of resin ducts and the xylem 
fraction stand out as more plastic than other foliar traits while 
phosphorous, magnesium and calcium concentrations in needles 
vary more strongly than the other macronutrients (Figure 6).

Trait variation is affected by species as well as the treatment 
effect. By normalising trait values, traits from the different levels 
of organisation (shoot, organ, tissue and macronutrients) are made 
comparable. Needle morphological and anatomical traits differed 
largely between species but were invariant with regard to the 

PET = 1.6 ×
L

12
×

N

30
×
10×Ta

I

�

,



     |  3867Journal of EcologyBACHOFEN Et Al.

summer drought (Figure 7). In contrast, shoot morphology and foliar 
macronutrients showed a significant but similar response to summer 
drought in the two species.

3.6 | Ecotypic differentiation of traits

The majority of measured traits differed between populations, and 
the seed origin explained a large proportion of the total trait varia-
tion (Table 1). But, most traits were not related to the GSWD at the 
populations' origin, except for several shoot morphological traits, 
the foliar cross section, as well as foliar C and Mg concentrations of 
P. nigra (Figure 8; Figures S2– S4). Of the shoot morphological traits, 
both the length of the apical and average lateral shoot, the biomass 
of the lateral shoots as well as the shoot number of P. nigra were 
significantly higher in populations from regions with lower GSWD 

(Figure 8). The number of shoots of P. sylvestris, as well as the apical 
biomass, did not correlate with GSWD.

4  | DISCUSSION

We observed both phenotypic plasticity and ecotypic differentia-
tion in a wide range of functional traits of P. sylvestris and P. nigra 
seedlings from Central European and Mediterranean populations in 
response to summer drought. While ecotypic differentiation with 
respect to climate has been shown in provenance trials for many 
tree species of the northern hemisphere (Alberto et al., 2013; Franks 
et al., 2014), disentangling the relative importance of ecotypic differ-
entiation and phenotypic plasticity on the drought responses is not 
trivial, because both mechanisms jointly influence the plant pheno-
type (Merilä & Hendry, 2014). Studies explicitly addressing both the 

F I G U R E  2   Third- year shoot 
morphology of 3- year- old Pinus sylvestris 
(blue triangles) and P. nigra (green circles) 
seedlings that have been subjected to 
recurrent summer drought (open symbols) 
and control conditions (filled symbols) 
respectively. Lateral shoot length and 
biomass were averaged for the multiple 
lateral shoots per seedling. Different 
letters indicate statistical differences 
between treatment and species (linear 
mixed effects models p < 0.05)
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phenotypic plasticity and ecotypic differentiation of key functional 
traits for tree adaptation to environmental change are thus relatively 
scarce (Franks et al., 2014; Wright et al., 2016).

4.1 | Trait plasticity to summer drought at different 
levels of organisation

We found plastic responses to recurrent summer drought mainly 
in the shoot morphological traits, whereas needle morphology, 
anatomy and macronutrients were very stable traits (RDPI < 0.1, 
Figure 6). Shoot morphological acclimation to drought consisted of 
a massive reduction in shoot height, with shorter apical and lateral 

shoots, as well as a reduction of the number of shoots in P. sylves-
tris seedlings (Figure 2). As a result, drought- acclimated seedlings 
had a much shorter habit compared to the control. Shorter and 
less numerous shoots may ensure hydraulic safety by reducing the 
transpiring foliar area. In Mediterranean oaks, for instance, drought- 
induced reduction of tree ramification has been related to a reduc-
tion of foliar area, thereby increasing the ratio of sapwood to leaf 
area and ensuring hydraulic safety (Limousin et al., 2012). Hence, 
growing less numerous shoots is an effective mean to acclimate 
to repeated summer drought. Growing a smaller shoot can also 
indicate increased partitioning of biomass to the roots (Bachofen 
et al., 2019; Girard et al., 2011). Higher investments in roots at the 
expense of shoot growth are an important mechanism of trees to 
enhance water uptake during dry periods, and have been repeatedly 
observed in drought studies, including this common garden experi-
ment (Bachofen et al., 2019; Hertel et al., 2013; Moser et al., 2014; 
Taeger et al., 2015). Hence, developing a short above- ground habit 
and increase biomass partitioning to roots might be an important 
way of trees to deal with dry conditions and allow them to acclimate 
to future climatic conditions. Interestingly, the length of the current 
year's apical shoot was less plastic than the apical shoot biomass 
(Figure 6). This corresponds well to previous observations of the two 
species in the same experiment, where moderate drought reduced 
shoot biomass considerably, but shoot height was largely main-
tained, resulting in higher specific shoot height of drought- stressed 
seedlings (Bachofen et al., 2019). The lower plasticity of apical shoot 
length compared to apical shoot biomass of the two pine species 
may represent the strategy of the two pioneer species to escape 
interspecific competitors in the rush for sunlight during early estab-
lishment (Vizcaíno- Palomar et al., 2016), but may also pose a threat 
on their hydraulic safety, since higher specific shoot height signifies 
thinner cell walls that are more susceptible to drought- induced cavi-
tation (Bachofen et al., 2019). Thus, while the plastic responses of 
the two pine species to summer drought consist of reducing the risk 
of cavitation by reducing shoot growth, they are at the same time 
restricted by their life- history strategies in maintaining shoot height 
to the highest possible degree.

Trees can acclimate to drought with changes in foliar struc-
ture (Niinemets, 2001; Sanginés de Cárcer et al., 2017). We 
therefore also expected acclimation of third- year seedlings to 
repeated summer drought at the needle morphological and ana-
tomical level. Third- year foliage develops from primordia that have 
started to develop and grow during bud formation in the summer 
of the previous year (Bréda et al., 2006; Roloff, 1987). Hence, we 
anticipated a carry- over effect of the second- year drought on 
third- year shoots and needles. As the two summer drought treat-
ments were identical, we expected the same type of response to 
the two droughts. Instead, plasticity of needle morphology and 
anatomy was surprisingly low (Figure 6), and significant responses 
to summer drought were only observed for needle length and 
the fraction of phloem and mesophyll in the foliar cross section 
(Figures 3 and 4). It has been argued that foliar physiological plas-
ticity might be large enough to deal with environmental changes, 

F I G U R E  3   Third- year needle morphology of 3- year- old Pinus 
sylvestris (blue triangles) and P. nigra (green circles) seedlings that 
have been subjected to recurrent summer drought (open symbols) 
and control conditions (filled symbols). Different letters indicate 
statistical differences between treatment and species (linear 
mixed effects models p < 0.05)
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and that foliar anatomical traits are therefore less plastic (Gimeno 
et al., 2009). The low foliar plasticity might also be a result of the 
‘slow’ resource strategy of evergreen conifers compared to trees 
with a deciduous leaf habit (Zhang et al., 2020). Indeed, compared 
to conifers, deciduous broadleaves, such as Fagus sylvatica and 
Quercus petraea, have been shown to respond much more plas-
tically to environmental conditions (Bresson et al., 2011; Bussotti 
et al., 1995). Sanginés de Cárcer et al. (2017) observed similar 

plasticity of young F. sylvatica and Picea abies along a temperature 
and precipitation gradient. Conifer needles of seedlings appear to 
be less plastic compared to needles of adult conifers, possibly due 
to a stronger selection pressure at the juvenile stage (Jankowski 
et al., 2019). Furthermore, timing of drought can affect needle an-
atomical plasticity. Particularly, spring drought can induce consid-
erable changes in needle foliar anatomy (Grill et al., 2004). In our 
study, tissue differentiation in needles had been largely completed 

F I G U R E  4   Third- year needle 
anatomical traits of 3- year- old Pinus 
sylvestris (blue triangles) and P. nigra 
(green circles) seedlings that have been 
subjected to recurrent summer drought 
(open symbols) and control conditions 
(filled symbols). Different letters indicate 
statistical differences between treatment 
and species (linear mixed effects models 
p < 0.05)
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by the start of the summer drought treatment (June), with ligni-
fied tissues (i.e. epidermis and xylem) having reached their devel-
opment with terminal cell death processes. The responses of the 
dead xylem to the drought treatment thus should be regarded as 
carry- over effect from the 2013 summer drought, whereas phloem 
formation seems to be a rare needle structure responsive to the 
drought treatment beyond the differentiation period of primary 
needle tissues (Günthardt- Goerg & Vollenweider, 2007). Hence, 
most needle tissues could not respond at that stage to environ-
mental changes, and the timing of the drought treatment was cru-
cial for the phenotypic responses in needle anatomy.

Even though foliar morphological plasticity was very low, P. nigra 
responded to the drought with growing significantly shorter needles 
(Figure 3). The reduction of needle length helps to conserve water by 
reducing the transpiring area, and has been previously identified as 
an important trait conferring drought tolerance in pines (Dobbertin 
& Eilmann, 2010; López et al., 2008). Thereby it contributes to the 

decrease of transpiring area by reduced number and length of shoots 
(see above). Similarly, the phloem fraction decreased in P. nigra 
whereas the mesophyll fraction increased in P. sylvestris (Figure 4). 
Although not statistically significant, the xylem fraction showed the 
same tendency as the phloem in drought stressed seedlings of both 
species (Figure 4). A lower phloem area may be related to a reduced 
transport of assimilates from the foliage to the stem and the roots, 
which may critically affect trees during prolonged drought (Sala 
et al., 2010). Higher C concentrations in drought- stressed needles 
(Figure 5) as well as hampered transport of non- structural carbo-
hydrates from needles to roots in drought- stressed seedlings from 
the same experiment (Bachofen et al., 2017) support this result. 
Marginally reduced xylem diameter in pine needles increases hy-
draulic safety (Cochard et al., 2004), and might thus reflect the foliar 
hydraulic acclimation to limited water availability. The strong effect 
of limited water availability on needles was particularly evident from 
the macronutrient measurements (Figure 5). Foliar N, K, P and Mg 

F I G U R E  5   Macronutrients in third- 
year needles of 3- year- old Pinus sylvestris 
(blue triangles) and P. nigra (green circles) 
seedlings that have been subjected to 
recurrent summer drought (open symbols) 
and control conditions (filled symbols). 
Different letters indicate statistical 
differences between treatment and 
species (linear mixed effects models 
p < 0.05)
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retrieval through the phloem as well as Ca accumulation were se-
verely hampered by the summer drought.

4.2 | Population variation and ecotypic 
differentiation of functional traits

Several shoot morphological traits and most needle morphological 
and anatomical traits and the foliar macronutrients differed signifi-
cantly between the populations of the two species (Table 1: signifi-
cant population effect P(S)). Shoot morphological traits as well as 
the foliar cross- sectional area of P. nigra were related to the GSWD 
at the seed origin of the populations (Figure 8; Figures S2– S4), and 
hence showed ecotypic differentiation with respect to climate. 
Shoot morphological differences between populations of pines from 
different origin have been previously observed, but have not been 
directly related to climatic variables at their origin (see e.g. Taeger 
et al., 2015; but see: Bachofen et al., 2019). In our common garden 

experiment, we found generally higher biomass and height growth 
in populations from dry compared to moist locations (Figure 8). 
This is in accordance with provenance trials along latitudinal or el-
evational gradients, where populations from southern/lower loca-
tions with warmer temperatures grow taller than populations from 
northern/higher locations when grown in a common environment 
(Aitken & Bemmels, 2016; Frank et al., 2016; Vitasse et al., 2009). 
Lower growth of populations from northern/higher locations can be 
a side effect of the adaptation to resist cold climates (Körner, 2003). 
We observed, indeed, ecotypic variation in frost tolerance in P. nigra 
seedlings in a previous study on the same experiment, but very low 
risk of damage from intermittent frost events (Bachofen et al., 2016). 
The higher shoot growth of populations from drier locations can also 
be explained by a better soil water access due to longer taproots of 
drought- adapted populations, which was shown in a previous study 
on the same experiment (Bachofen et al., 2019).

Interestingly, we observed ecotypic differentiation and high 
phenotypic plasticity at the same level of organisation, in the 

F I G U R E  6   Plasticity (RDPI) of the 
plant traits of Pinus sylvestris and P. 
nigra ordered by level of organisation. 
Means and standard errors are given for 
the average plasticity of the different 
populations. Horizontal lines show the 
average RDPI of the combined traits from 
a level of organisation and the shaded 
area indicates the standard deviation. The 
RDPI (relative distance plasticity index) 
is calculated as the Euclidian distance 
between individuals of a given species- 
population combination exposed to 
different environments
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shoot morphological traits, whereas foliar morphological and an-
atomical traits exhibited both low plasticity (RDPI < 1) and low 
ecotypic differentiation (Figures 6 and 8). Phenotypic plasticity 
is advantageous in highly variable environments, whereas eco-
typic differentiation is more beneficial in stable environments 
(Wright et al., 2016). Nevertheless, these two mechanisms are 
not mutually exclusive for a given population (Aitken et al., 2008; 
Gimeno et al., 2009; Nicotra et al., 2010). Both P. sylvestris and 
P. nigra are pioneer species that can establish at disturbed sites 
in a short window of opportunity (Moser et al., 2010). High phe-
notypic plasticity is essential for early growth success in these 
highly variable locations. The two species have a wide distri-
bution range in Europe with P. sylvestris being the tree species 
with the largest distribution range worldwide, whereas P. nigra 
has a relatively wide but fragmented distribution range in south-
ern Europe. Large populations of plant species are more likely to 
exhibit ecotypic differentiation, because the effect of random 
genetic drift decreases relative to climatic selection pressures 
(Leimu & Fischer, 2008). Hence, both plastic responses to variable 
habitats as well as ecotypic differentiation to contrasting climates 
are important strategies of the two pine species to deal with en-
vironmental change.

Several foliar traits showed large differences between popu-
lations, but no direct relationship with the climate at the seed ori-
gin and a low plasticity (Table 1). Traits with large variation among 
populations but low phenotypic plasticity may originate from a 
strong differential selection (Ramirez- Valiente et al., 2010). This 
can be observed for most of the foliar traits, specifically needle 
width, the mesophyll area, the fraction of phloem, xylem and resin 
ducts as well as cuticular area (Table 1; Figure 7). In contrast to the 
traits that are related to the climate at the seed origin, between- 
population variation of these traits might be related to other factors 
than drought. The cuticula and resin ducts both act as constitutive 
defence mechanisms against herbivores and pathogens (Kolosova 
& Bohlmann, 2012). In Pinus edulis, for instance, resin duct area in 
the wood was strongly correlated with resistance to insect attack 
(Gaylord et al., 2013). Between- population variation of these traits 
therefore indicates variable investments in defensive structures of 
the species and populations. We observed that the number and area 
of resin ducts were significantly higher in the needles of P. sylvestris 
compared to P. nigra (Table 1; Figure 4), indicating that P. sylvestris 
may invest a larger proportion of its resources in these defensive 
structures compared to P. nigra. As a consequence, P. nigra might 
be more susceptible to herbivory and pathogens, for instance to 

F I G U R E  7   Normalised trait values 
of all measured traits of Pinus sylvestris 
and P. nigra grown in the control and 
dry mesocosms. The trait values are 
grouped by level of organisation. The bars 
indicate the mean normalised trait value 
per trait group (means ± SE). Different 
letters indicate statistical differences 
between the treatment and species 
effects and demonstrate their effect on 
the different trait groups (linear models 
p < 0.05)
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infestation by the fungus Sphaeropsis sapinea via damaged foliage 
after hailstorm as well as herbivory from the pine procession moth 
Thaumetopoea pityocampa (Aimi et al., 2006). A higher fraction of 
phloem and xylem tissue in P. nigra compared to P. sylvestris seedlings 
might constitute its higher drought tolerance (Bachofen et al., 2019; 
Herrero et al., 2013). Similarly, a higher fraction of mesophyll tis-
sue in P. nigra might constitute its larger growth rates during early 
growth (Bachofen et al., 2019). Differences in the relative fraction 
of these foliar traits may thus indicate contrasting adaptation of P. 
sylvestris and P. nigra to higher defence versus better growth perfor-
mance under drought, respectively.

5  | CONCLUSIONS

To persist in a dryer and warmer world, plant species either mi-
grate to habitats with suitable environmental conditions, adapt ge-
netically to the new environment or acclimate through phenotypic 
plasticity (Aitken et al., 2008; Nicotra et al., 2010). It is expected 
that many tree species will not migrate fast enough to track suit-
able climatic conditions that shift by climate change, in particular 
in highly fragmented forest landscapes with limited seed dispersal 
(Lazarus & McGill, 2014; Nathan et al., 2011). Similarly, genetic 
adaptation to novel climates is likely to be slow in trees given the 

F I G U R E  8   Shoot morphological traits 
in relation to the growing season water 
deficit at the location of the seed source 
of Pinus sylvestris (blue triangles) and 
P. nigra (green circles) grown in control 
(filled symbols) and dry mesocosms (open 
symbols). Regression lines (solid for 
control, dashed for dry mesocosms) are 
given for the traits that are significantly 
related to the growing season water 
deficit (p < 0.05)
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long time span needed to reach reproductive maturity (Aitken & 
Bemmels, 2016). Thus, rapid acclimation to local environmental 
changes seems crucial for trees and forests to persist under chang-
ing conditions. We found little plastic responses and no genotypic 
adaptation of foliar morphology, anatomy and foliar macronutri-
ents to summer drought. Instead, P. sylvestris and P. nigra seed-
lings showed ecotypic differentiation and phenotypic plasticity of 
shoot morphological traits. A successful acclimation to recurrent 
severe summer drought was achieved by reducing shoot growth.
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